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Aurora B Regulates MCAK at the
Mitotic Centromere
inhibitors into mammalian cells causes similar pheno-
types (Ditchfield et al., 2003; Hauf et al., 2003; Murata-
Hori and Wang, 2002). Together, these results suggest
Paul D. Andrews,1,* Yulia Ovechkina,3
Nick Morrice,2 Michael Wagenbach,3
Karen Duncan,1 Linda Wordeman,3
that the Aurora B complex plays a critical role in estab-and Jason R. Swedlow1
lishing bipolar chromosome attachment and that this1Division of Gene Regulation and Expression
function is highly conserved.2 MRC Protein Phosphorylation Unit
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tromeres in the inner centromere from late G2 throughDow Street
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teins (Biggins et al., 1999; Cheeseman et al., 2002; West-
ermann et al., 2003). Aurora B also phosphorylates the
centromere-specific histone H3 variant CENP-A (ZeitlinSummary
et al., 2001), as well as histone H3 localized throughout
the chromosome (Hsu et al., 2000; Murnion et al., 2001).Chromosome orientation and alignment within the mi-
The concentration of the Aurora B complex at the innertotic spindle requires the Aurora B protein kinase and
centromere and its interaction with kinetochore compo-the mitotic centromere-associated kinesin (MCAK).
nents suggest that it may regulate the interactions be-Here, we report the regulation of MCAK by Aurora B.
tween kinetochores and microtubule ends.Aurora B inhibited MCAK’s microtubule depolymeriz-
One possible substrate for the Aurora B complex ising activity in vitro, and phospho-mimic (S/E) mutants
the KinI kinesin MCAK. Unlike conventional kinesins, Kin Iof MCAK inhibited depolymerization in vivo. Expres-
family members have their motor domains in the centralsion of either MCAK (S/E) or MCAK (S/A) mutants in-
portion of the molecule and use the hydrolysis of ATPcreased the frequency of syntelic microtubule-kineto-
to depolymerize microtubule ends (Desai et al., 1999;chore attachments and mono-oriented chromosomes.
Hunter et al., 2003; Hunter and Wordeman, 2000). InMCAK phosphorylation also regulates MCAK localiza-
Xenopus egg extracts, depletion of the Xenopus homo-tion: the MCAK (S/E) mutant frequently localized to the
log XKCM1 decreases the catastrophe rate of microtu-inner centromere while the (S/A) mutant concentrated
bule ends and causes chromosomes to misalign on theat kinetochores. We also detected two different bind-
mitotic spindle (Walczak et al., 2002, 1996). In mamma-ing sites for MCAK using FRAP analysis of the dif-
lian cells, depletion of MCAK by antisense DNA inhibitsferent MCAK mutants. Moreover, disruption of Aurora
anaphase A (Maney et al., 1998). MCAK/XKCM1 is local-B function by expression of a kinase-dead mutant or
ized to centromeres in early prophase and remains thereRNAi prevented centromeric targeting of MCAK. These
throughout mitosis (Walczak et al., 1996; Wordeman etresults link Aurora B activity to MCAK function, with
al., 1999).Aurora B regulating MCAK’s activity and its localiza-
A critical unanswered question is how MCAK/XKCM1
tion at the centromere and kinetochore.
activity is regulated. As a regulator of microtubule end
catastrophe, soluble MCAK/XKCM1 can affect the aver-
Introduction age length of spindle microtubules in Xenopus egg ex-
tracts (Walczak et al., 1996). However, MCAK/XKCM1
Accurate chromosome segregation requires the attach- also functions during chromosome alignment (Walczak
ment of microtubules from opposing spindle poles to et al., 2002), suggesting that the activity of kinetochore-
kinetochores formed on sister chromatids. The Aurora bound MCAK/XKCM1 might be regulated as chromo-
B kinase and its associated binding partners INCENP somes undergo saltatory motion in prometaphase and
and survivin play a critical role in this process. Mutations metaphase (Rieder and Salmon, 1994; Skibbens et al.,
in the yeast Aurora B homolog, Ipl1, generate stably 1993). We have examined the functional interactions
mono-oriented chromosomes that fail to resolve (He between Aurora B and MCAK and found that the mitotic
et al., 2001; Tanaka et al., 2002). In Drosophila and C. Aurora B complex is a critical regulator of MCAK function
elegans, Aurora B RNAi cells possess aberrant pro- in vitro and in vivo.
metaphase-like mitotic spindles that fail to align their
chromosomes on the metaphase plate and subse- Results
quently develop significant aneuploidy due to chromo-
some nondisjunction (Adams et al., 2001; Giet and Spatial Distribution of Aurora B and MCAK
Glover, 2001; Kaitna et al., 2000). Introduction of domi- in the Cell Cycle
nant-negative mutants of Aurora B or small molecule Independent immunofluorescence studies have pre-
viously shown Aurora B and MCAK localized to centro-
meres of mammalian chromosomes from late prophase*Correspondence: p.d.andrews@dundee.ac.uk
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Figure 1. Aurora B and MCAK Localization in
HeLa Cells
Prometaphase and metaphase HeLa cells
stained for human MCAK, Aurora B, tubulin,
and DNA. All images are single optical sec-
tions.
(A) In prometaphase mono-oriented chromo-
somes, Aurora B and MCAK show complete
colocalization.
(B) In metaphase bioriented chromosomes
under tension, MCAK and Aurora B are largely
distinct, with MCAK close to ACA staining
and Aurora B concentrated in the inner cen-
tromere. Line profiles (lower panel) show
the spatial separation of the signals (lower
panels).
(C) Differences in MCAK and Aurora B local-
ization in prometaphase at high resolution.
Images are from two different chromosomes
from the same prometaphase cell. In mono-
oriented chromosomes (left), sister centro-
meres are closely spaced, while in bioriented
chromosomes (right) they are separated.
of the cell cycle to until the metaphase-anaphase transi- distance between ACA staining sites [Waters et al.,
1996]), Aurora B and MCAK were only partially coloca-tion (Andrews et al., 2003; Carmena and Earnshaw, 2003;
Maney et al., 1998; Walczak et al., 1996). During ana- lized, whereas centromeres not under tension still showed
significant colocalization. The localization of MCAK isphase and telophase, MCAK remains centromere-asso-
ciated while Aurora B relocalizes to the spindle midzone. therefore dynamic, initially colocalizing with Aurora B
following assembly of mitotic chromosomes, but thenWe re-examined the localization of Aurora B and MCAK
during prometaphase and metaphase in mitotic HeLa becoming distinct from Aurora B as tension develops
across sister kinetochores.cells. During prometaphase, Aurora B and MCAK colo-
calized in unattached or mono-oriented (i.e., attached
to kinetochore fibers from one pole only) chromosomes Aurora B Phosphorylates MCAK In Vitro
We next tested whether the Aurora B complex might(Figure 1A). The ACA antigen also localized with Aurora
B and MCAK. By contrast, in chromosomes aligned phosphorylate MCAK in vitro. Recombinant full-length
MCAK was incubated in the presence of 32P--ATP andalong the metaphase plate, MCAK concentrated at two
sites that partially colocalized with ACA staining but that mitotic Aurora B complex isolated from Xenopus chro-
mosomes. We chose this strategy because we havewere distinct from the strictly inner-centromeric localiza-
tion of Aurora B (Figure 1B). MCAK and Aurora B also failed to produce recombinant Xenopus Aurora B com-
plex with the same activity and properties as the mitoticcolocalized in cells treated with nocodozole and taxol
(data not shown). To further define when the relative complex (Murnion et al., 2001; data not shown). Figure
2A shows that MCAK was phosphorylated in vitro bylocalization of Aurora B and MCAK changed, we exam-
ined prometaphase at high resolution (Figure 1C) and mitotic Aurora B complex. Kinase activity was not de-
tected toward MCAK using interphase Aurora B or con-found two distinct types of Aurora B/MCAK colocaliza-
tion. In centromeres under tension (as judged by the trol IgG beads. To confirm this result, we incubated a
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mixture of recombinant forms of Ipl1p and Sli15p, the recombinant Ipli1p/Sli15p (Figure 3B). By contrast, con-
budding yeast orthologs of Aurora B and INCENP, re- trol antibodies recognized both nonphosphorylated and
spectively, with recombinant MCAK. Mixing Sli15p and phosphorylated forms of MCAK on the same blot. To-
Ipl1p stimulates Ipl1p kinase activity (Kang et al., 2001). gether, these results suggest that the -P-Ser92 anti-
This mixture produced high levels of MCAK phosphory- body recognizes phosphorylated MCAK.
lation (Figure 2B). These results suggested MCAK is To examine the phosphorylation state of MCAK in
phosphorylated by Aurora B in vitro. cells, we performed immunoblots of lysates from control
We next identified the sites in MCAK phosphorylated and nocodozole-arrested HeLa cells with -P-Ser92.
by the mitotic Aurora B complex. We incubated recombi- Figure 3C shows a series of slow-migrating forms of
nant MCAK with interphase or mitotic Aurora B complex MCAK enriched in nocodozole-arrested lysates. -P-Ser92
and 32P--ATP, or with recombinant yeast Ipl1p/Sli15p only recognized the slowest migrating bands, and
complex, and then analyzed 32P-labeled tryptic peptides showed highest reactivity after nocodozole arrest, sug-
from MCAK by reverse-phase HPLC. The phosphopep- gesting that MCAK phosphorylation is highest in mitotic
tides generated with mitotic Aurora B were similar to cells. Localization of MCAK phosphorylation by immu-
those obtained with recombinant yeast Ipl1p/Sli15p nofluorescence revealed that -P-Ser92 recognized
(Supplemental Figure S1 [http://www.developmentalcell. centromeric MCAK in prometaphase cells (Figure 3D).
com/cgi/content/full/6/2/253/DC1). As expected from We also noted abundant -P-Ser92 signal throughout
MCAK’s primary amino acid sequence, trypsin gener- the cell, suggesting that cytoplasmic MCAK may also
ated a significant number of very short MCAK peptides, be phosphorylated at Ser92. Both the centromeric and
many of which were radiolabeled. To simplify the profile, cytoplasmic signals were blocked with the P-Ser92 pep-
we used Lys-C for proteolytic cleavage. Analysis of Lys- tide but not the Ser92 peptide, confirming the specificity
C-digested MCAK phosphorylated by Aurora B pro- of -P-Ser92 in cells.
duced three distinct peaks of radioactivity (Figure 2C), While we noted an increase in mitotic MCAK phos-
which were then characterized using a combination of phorylation both on immunoblots and by immunofluo-
Edman sequencing and MALDI-TOF (Figure 2D). Peak rescence (Figures 3C and 3D), closer examination
1 corresponded to phosphorylation at Ser92, while Peak revealed differences in MCAK phosphorylation across
2 corresponded to phosphorylation at Ser186. Peak 3 the centromere. In prometaphase and metaphase cells
corresponded to phosphorylation at Ser106, Ser108, transfected with wtMCAK-GFP, we detected similar
and Ser112, but MALDI-TOF analysis showed that all amounts of MCAK at sister centromeres and kineto-
peptides in this fraction were monophosphorylated, in- chores, yet significant differences in the level of -P-Ser92
dicating that only one of the three serines was phosphor- staining (Figure 3E). These differences in antibody stain-
ylated in any single peptide. Comparison of the inte- ing may occur due to changes in antigen accessibility
grated peak heights from the HPLC analysis indicates or because of differences in MCAK phosphorylation. We
that Peak 3 sites are less efficiently phosphorylated than have never observed systematic asymmetry in MCAK
Peak 1 and Peak 2 sites. staining between sister centromeres or kinetochores
The Aurora B sites in MCAK conform to the consensus with other MCAK antibodies (see Figure 1), suggesting
sequence derived from known Aurora B substrates (Fig- that the phosphorylation state of MCAK at centromeres
ure 2E; Cheeseman et al., 2002). All three sites in MCAK and kinetochores at Ser92 may be dynamic.
are preceded by one or more K or R residues and often, We next asked whether in vivo phosphorylation of
but not always, are followed by a hydrophobic residue. MCAK at Ser92 was dependent on Aurora B. HeLa cells
Alignment of the N termini of MCAK and its orthologs were treated with nocodozole and transfected with a
with the closely related Kif2 kinesins reveals that the siRNA targeted to human Aurora B (see Experimental
Aurora B phosphorylation sites identified here are highly
Procedures). Aurora B depletion was assayed both bio-
conserved in all KinI kinesins (Figure 2F). The Kif2 kine-
chemically (Supplemental Figure S2) and by immunofluo-
sins regulate cytoplasmic microtubules during neurite
rescence in single cells. In cells depleted of Aurora B,extension (Homma et al., 2003). The conservation of
the phospho-specific -P-Ser92 antibody reactivity atsites in the Kif2’s with those identified in MCAK suggests
the centromere was largely abolished (Figure 3F). Bya conserved mechanism of regulating the activity of
contrast, reactivity of the -Ser92 antibody, which rec-these enzymes.
ognizes both phosphorylated and nonphosphorylated
MCAK (Figure 3B), remained unchanged. This suggestsAurora B Phosphorylates MCAK In Vivo
that phosphorylation of centromeric MCAK at Ser92, aIn order to test the phosphorylation of MCAK in cells,
major site of MCAK phosphorylation in vitro, also occurswe used a synthetic phosphopeptide derived from phos-
in vivo and is dependent on Aurora B. In addition, afterphorylation Site 1 in human MCAK (Figure 2E) to gener-
depletion of Aurora B by RNAi, the migration of MCAKate novel anti-MCAK antibodies. We used repeated
on a 2D gel changes from pI6.5 to pI8.5, consistentrounds of affinity purification to isolate antibodies that
with a loss of phosphorylation (Supplemental Figure S2).specifically recognized MCAK phosphorylated on Ser92
(-P-Ser92) and antibodies that recognized both de-
Aurora B Phosphorylation Inhibits the Activityphosphorylated and phosphorylated MCAK (-Ser92).
of MCAKFigure 3A shows that -P-Ser92 only recognizes the
We next assayed whether the phosphorylation of MCAKphosphopeptide antigen, but not the desphosphopep-
by Aurora B affected MCAK’s depolymerization activitytide in an ELISA assay, while -Ser92 recognizes both
in vitro using a microtubule sedimentation assay. In theforms of the peptide. In addition, -P-Ser92 only recog-
nized MCAK on immunoblots after phosphorylation with absence of MCAK, the vast majority of tubulin from
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taxol-stabilized microtubules sediments in the pellet mitotic figures with frequent misoriented chromosomes.
In cells expressing AAAAA-MCAK, we observe a signifi-(Figure 4A, “P”; lanes 5–8). MCAK incubated with control
beads retained full depolymerization activity (Figure 4A, cant increase in monopolar chromosomes and chromo-
somes with apparently syntelic (both kinetochores attached“S”; lanes 3 and 4). In contrast, the activity of MCAK
phosphorylated by the immunopurified Aurora B com- to same pole) or monotelic kinetochore-microtubule at-
tachments (one kinetochore attached to microtubulesplex was significantly reduced (Figure 4A, lanes 1 and
2), suggesting that in vitro phosphorylation by Aurora B from one pole). Expression of EEEEE-MCAK caused a
high frequency of mitotic figures with poorly alignedinhibits the microtubule depolymerizing activity of MCAK.
Similarly, a mixture of recombinant Ipl1p and Sli15p (Kang chromosomes that were often clustered on the periph-
ery of the mitotic spindle (Figure 5B). Cytological analy-et al., 2001) also reduced MCAK’s in vitro microtubule
depolymerizing activity (Figure 4B, lanes 1 and 2). sis of mitotic progression revealed that EEEEE-MCAK
increased the frequency of prometaphase figures, whereasTo assess the effect of MCAK phosphorylation in vivo,
we transfected HeLa cells with GFP-MCAK constructs AAAAA-MCAK increased the frequency of metaphase fig-
ures (Figure 5D).bearing mutations in the phosphorylation sites we iden-
tified in Figure 2 and then measured the amount of poly- Since MCAK localization normally changes from the
inner centromere to the inner kinetochore during pro-merized tubulin present in transfected cells by immuno-
fluorescence (Ovechkina et al., 2002). Transfection of metaphase (Figure 1), we determined the localization of
the different MCAK mutants. AAAAA-MCAK often local-GFP fused to wild-type MCAK (wtMCAK) efficiently de-
polymerized most of the microtubules in the cell (Figures ized away from the inner centromere, closer to ACA
staining, even in prometaphase figures where MCAK is4C and 4D). All constructs bearing single S→A or S→E
mutations efficiently depolymerized microtubules in this normally localized to the inner centromere (Figure 5E,
see also Figure 1). In contrast, EEEEE-MCAK localized toin vivo assay (data not shown). In addition, transfection
with either double S→A mutants or the quintuple S92A/ the inner centromere even in metaphase chromosomes
S106A/S108A/S112A/S186A MCAK, “AAAAA-MCAK,” where MCAK normally localizes to the inner kinetochore
caused no detectable effect on microtubule depolymeri- (Figure 5E). The visual impression gained in Figure 5E
zation. In contrast, cells transfected with either double is quantified in Figure 5F. We conclude that multiple
S→E mutations or the quintuple S92E/S106E/S108E/ MCAK binding sites may be present on chromosomes
S112E/S186E MCAK, “EEEEE-MCAK,” contained signif- and MCAK’s association with these sites depends on
icantly more tubulin polymer, suggesting that MCAK its phosphorylation state.
proteins bearing these phosphorylation-mimicking mu- We next used fluorescence recovery after photo-
tations are less active than wtMCAK or the various S→A bleaching (FRAP) of the MCAK mutants to determine if
mutants. Together, these in vitro and in vivo results the phosphorylation state of MCAK affects its associa-
suggest that phosphorylation inhibits MCAK catalytic tion with centromeres and kinetochores in living cells.
activity. We bleached GFP-MCAK and then examined the recov-
ery of fluorescence, to assay the association of the dif-
ferent MCAK mutants with centromeres and kineto-Phenotypes and Localization of MCAK
chores. wtMCAK, EEEEE-MCAK, and AAAAA-MCAKPhosphorylation-Site Mutants
all recovered rapidly, although the recovery rate forWe next assessed the effect of introducing MCAK con-
AAAAA-MCAK was noticeably slower (Figures 6A–6C).structs bearing mutations in the Aurora B phosphoryla-
We noted that wtMCAK recovers more slowly on alignedtion sites on the mitotic spindle. In Figures 5A–5C, we
chromosomes (Figure 6D, blue bars) than on unalignedshow four representative examples of each construct.
chromosomes (Figure 6D, red bars), suggesting a changeHeLa cells transfected with wtMCAK fused to GFP
in the affinity of MCAK for the centromere/kinetochoreformed normal mitotic spindles, with apparently bior-
as chromosomes align. Although we do not have suffi-iented chromosomes and GFP-MCAK localization indis-
cient resolution or fiduciary marks in this live celltinguishable from the endogenous protein (Figure 5C).
experiment to distinguish centromere- and kinetochore-Transfection of cells with either AAAAA-MCAK (Figure
5A), or EEEEE-MCAK (Figure 5B), produced aberrant associated populations of MCAK, our localization data
Figure 2. Aurora B Phosphorylation of MCAK In Vitro
(A) Autoradiograph of SDS-PAGE gel of recombinant full-length MCAK phosphorylated in the presence of 32P-ATP using Aurora B immunoprecip-
itated from Xenopus mitotic chromosomal eluate (MCE), Aurora B from Xenopus interphase chromosomal eluate (ICE), control immunoprecipita-
tions from MCE and ICE, or crude MCE or ICE alone. As a further control, MCAK alone was incubated in kinase buffer in the presence of 32P-ATP.
(B) Autoradiograph of SDS-PAGE gel of recombinant full-length MCAK phosphorylated in the presence of 32P-ATP using active recombinant
Ipl1p/Sli15 complex. Myelin basic protein is included as a control (right lane). Weakly phosphorylated bands present in all lanes are derived
from Sli15p.
(C) Recombinant hamster MCAK was phosphorylated with mitotic Aurora B and digested with LysC endoproteinase. Peptides were separated
by RP-HPLC and the three radioactive peptides peaks isolated.
(D) Radiolabeled phosphopeptides were identified by MALDI-TOF (see Supplemental Table S1) and the position of the phosphorylated residue(s)
determined by solid-phase Edman sequencing, monitoring release of radioactivity at each cycle.
(E) Comparison of MCAK phosphorylation sites with known Aurora B substrates (Cheeseman et al., 2002).
(F) Alignment of conserved Aurora B phosphorylation sites (red), and basic (green) and hydrophobic residues (blue) in KinI kinesins. The
alignment of Xenopus XKCM1 with its mammalian orthologs in the region of Site 2 differs from that previously published (Walczak et al., 2002).
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Figure 3. -Phospho-Ser92 Antibodies Show Aurora B-Dependent MCAK Phosphorylation In Vivo
(A) Specificity tests of affinity-purified -P-Ser92 and -Ser92 antibodies. Upper panels, ELISAs with P-Ser92 peptide (blue), Ser92 peptide
(pink), Histone H3 Ser10 peptide (yellow). Lower panels, ELISAs after preblocking antibodies.
(B) -P-Ser92 antibody detects full-length recombinant MCAK only when MCAK has been phosphorylated in vitro with Ipl1p/Sli15p (right-
hand panel). Control antibodies are polyclonal sheep -MCAK Ab and -Ser92.
(C) -P-Ser92 antibody recognizes only lower mobility MCAK species in Western blots of whole-cell extracts of asynchronous HeLa cells or
HeLa cells arrested with nocodazole for 16 hr. -Ser92 antibody reacts with all MCAK species on identical blots.
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Figure 4. Aurora B-Mediated Phosphorylation Inhibits the Microtubule Depolymerization Activity of MCAK In Vitro and In Vivo
MCAK was incubated with Aurora B complex immunoprecipitated from MCE with -Aurora B beads or with control beads (A) or with recombinant
Ipl1p-Sli15p complex.
(B) Taxol-stabilized microtubules (1500 nM) were added to the phosphorylation reactions containing 24 nM MCAK dimer and 1 mM ATP and
incubated for 10 min at RT and then analyzed by sedimentation assay. % tubulin released into the supernatant is shown as mean   (N 
3). In each case, the upper band on the gel is MCAK and the lower band is tubulin.
(C) In vivo analysis of GFP-MCAK and phosphorylation site mutants. CHO cells were transfected with MCAK or MCAK mutants and then fixed
and stained for tubulin. Cells were quantified for microtubule loss as described previously (Ovechkina et al., 2002). Total MCAK protein was
measured by GFP fluorescence (white bars). Total tubulin polymer was measured by indirect immunofluorescence (black bars).
(D) Images of typical GFP-MCAK-transfected CHO cells used for measurements shown in (C).
(D) -P-Ser92 antibody recognizes centromeric MCAK in fixed HeLa cells (left). Upper panels are grayscale images of P-Ser92 staining; lower
panels are merged images showing DNA (blue), tubulin (green), and P-Ser92 (red). Preblocking with Ser92 peptide had no effect on MCAK
reactivity (middle), whereas preblocking with P-Ser92 abolished MCAK reactivity (right).
(E) HeLa cells transfected with wtMCAK-GFP were fixed and stained with -P-Ser92. P-Ser92 can be detected asymmetrically across sister
centromeres/kinetochores. Scale 1 m.
(F) Aurora B-dependent phosphorylation of MCAK at Ser92. HeLa cells were treated simultaneously with nocodazole (to prevent MCAK
delocalization; see text and Figure 7) and Aurora B siRNA (see Experimental Procedures), for 16 hr. Cells were fixed and stained for DAPI
(blue), Aurora B (green), MCAK (red; either -Ser92 or -P-Ser92), and ACA (not shown on merged image, far right-hand panel in grayscale).
Arrows indicate Aurora B-depleted cells. -P-Ser92 staining is lost in cells depleted of Aurora B while -Ser92 is not affected. Scale, 5 m.
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Figure 5. Expression of Phosphorylation-Site Mutants Causes Aberrant Mitotic Phenotypes
HeLa cells transfected with wtMCAK and mutant MCAK plasmids were fixed and stained for tubulin (red) and DNA (blue).
(A) AAAAA-MCAK expression causes accumulation of cells with monopolar chromosomes (arrowheads; panels I–III) and syntelic attachments
(arrows; panel IV).
(B) EEEEE-MCAK expression causes aberrant metaphase figures reminiscent of Aurora B or BubRI RNAi (this study; Ditchfield et al., 2003;
Hauf et al., 2003) where chromosomes are clustered around a bipolar spindle (panels I and III) as well as irregularly formed mitotic spindles
(panel II; yellow arrow) and syntelic attachments (panel IV; arrows).
(C) wtMCAK expression results in normal metaphase figures.
(D) Analysis of cell cycle position and spindle phenotypes after expression of different forms of MCAK.
(E) Localization of MCAK mutants (green) with respect to ACA staining (red) and DNA (blue). AAAAA-MCAK was found mainly to reside outside
the ACA-stained region even in prometaphase (see inset). EEEEE-MCAK mainly is found between ACA-pairs even in metaphase cells (see inset).
(F) Quantitation of MCAK localization using ACA antigen staining as a fiduciary marker. The results shown are the average of two experiments
(N  60 cells). MCAK was categorized as either absent from ACA domains; overlapping with ACA where sister centromeres are not under
tension; between separated ACA pairs in sisters under tension; overlapping or distal to separated ACA pairs, but asymmetrically localized;
or overlapping with separated ACA pairs, but symmetrically localized. In prometaphase, AAAAA-MCAK is predominantly localized distal or
overlapping with separated ACA pairs. In metaphase, EEEEE-MCAK is predominantly localized in between ACA pairs.
(Figure 1) suggest that this difference in MCAK associa- showed a less pronounced difference between aligned
and unaligned chromosomes (Figure 6D). This result,tion mirrors a difference in localization. We were unable
to find a large number of EEEEE-MCAK transfected cells together with EEEEE-MCAK’s preferential localization
to the inner centromere in fixed cells (Figure 5E) andthat successfully entered mitosis, but those we studied
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Figure 6. FRAP Analysis of Association of
wtMCAK and Phosphorylation-Site Mutants
(A–C) Images before bleaching (2.0 s), im-
mediately after the photobleach event (0.06 s),
during recovery (1.0 s), and later in the time
course (14.7 s). Graphs show percent fluores-
cence recovery versus time for each protein.
Dotted lines show the measured data; solid
lines show the modeled recovery. (A) wtMCAK.
(B) EEEEE-MCAK. (C) AAAAA-MCAK. AAAAA-
MCAK displays a longer recovery time than for
wild-type or the EEEEE mutant.
(D) Scatter plot of t1/2 (horizontal lines) for
wtMCAK and mutant MCAKs. Results from
aligned centromeres are shown in blue and
for unaligned centromeres in red. AAAAA-
MCAK recovery t1/2s for aligned chromosomes
are significantly longer than for wtMCAK or
EEEEE-MCAK.
wtMCAK’s observed behavior in fixed cells, leads us to sites for MCAK on chromosomes, whose properties are
differentially sensitive to the phosphorylation state ofspeculate that EEEEE-MCAK’s faster recovery time is
due to its inner-centromeric localization. By contrast, MCAK.
AAAAA-MCAK on aligned chromosomes clearly showed
a significantly slower fluorescence recovery rate com- Aurora B Disruption Delocalizes MCAK
from Centromerespared to wtMCAK (Figure 6D). Consistent with AAAAA-
MCAK’s localization distal to the inner centromere in Aurora B is required for the localization of dynein,
CENP-E, and BubR1 and therefore is a critical regulatorfixed cells (Figure 5E), our FRAP data suggest the pres-
ence of a second MCAK binding site. We therefore pos- of kinetochore function (Ditchfield et al., 2003; Hauf et
al., 2003; Murata-Hori et al., 2002). To determine if Auroratulate the existence of at least two different binding
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B is required for MCAK localization, we transiently suggesting increased microtubule stability at the kineto-
chore in the absence of Aurora B and MCAK. By con-expressed the “kinase-dead” KR mutant of Aurora B,
which causes defects in chromosome movement, spin- trast, there was no detectable difference between con-
trol RNAi and Aurora B RNAi cells in the total amountdle structure, and dynein/CENP-E localization (Murata-
Hori et al., 2002). Cells were transfected with CFP fused of tubulin polymer in mitotic spindles (data not shown).
This suggests that delocalized MCAK did not signifi-to either wt Aurora B or Aurora B (KR) and cotransfected
with YFP-MCAK (YFP-FL MCAK) or a construct bearing cantly change the global level of tubulin polymer. The
proportion of MCAK localized to centromeres in normala deletion of the MCAK motor domain (YFP-ML MCAK;
Ovechkina et al., 2002). After transfection with CFP- mitotic cells represented 33.5 4.9% of the total cellular
MCAK. It seems unlikely that this population, if releasedAurora B, YFP-FL MCAK localization was indistinguish-
able from the endogenous protein (Figure 7A). In cells into the cytoplasm, would produce a significant change
in tubulin polymer levels. Finally, Aurora B RNAi leadstransfected with CFP-Aurora B (KR), YFP-FL MCAK was
not concentrated at the inner centromere in either pro- to a significant decrease in average centromere-centro-
mere distances compared to control cells, most likelymetaphase or metaphase cells, but was found in the
cytoplasm and on the spindle and spindle poles (Figure because loss of Aurora B delocalizes MCAK and other
factors required for force generation at the kinetochore.7A). A similar effect was observed on endogenous
MCAK (data not shown). YFP-ML MCAK was also largely The observed decrease in tension after Aurora B deple-
tion is significant, but less than in taxol-treated HeLadelocalized by CFP-Aurora B (KR) (Figure 7A), but a
relatively small population did appear to remain associ- cells (see Figure 7E, legend). This partial relief of tension
may be due to presence of other kinetochore factorsated with centromeres/kinetochores, the significance of
which is currently unclear. These results suggest that that engage microtubules, or alternatively that residual
MCAK generates this result.Aurora B kinase activity is required for inner centromere
targeting of MCAK and that this localization is largely
independent of the MCAK motor domain and hence the
Discussionmicrotubule depolymerization activity of MCAK.
To confirm our observations with the Aurora B (KR)
In this study, we present evidence that the centromericmutant, we depleted Aurora B by RNAi in HeLa cells
KinI kinesin MCAK is a substrate for the Aurora B proteinand assayed MCAK localization. Figure 7B shows repre-
kinase during mitosis. Aurora B phosphorylated fivesentative prometaphase and metaphase cells from four
conserved serines in the N terminus of MCAK in vitro.independent experiments, 12–18 hr posttransfection us-
A phospho-specific antibody against one of these sitesing Aurora B siRNA or control (scrambled) siRNA du-
demonstrated Aurora B-dependent MCAK phosphoryla-plexes. Aurora B and MCAK levels were quantified in
tion in vivo. Phosphorylation by Aurora B inhibitssingle cells using digital fluorescence imaging (see Ex-
MCAK’s microtubule depolymerizing activity in vitro,perimental Procedures) and in cell lysates by immuno-
and mutagenesis of MCAK phosphorylation sites inhib-blotting (see Supplemental Figure S2). In Aurora
its the activity of MCAK in vivo. Aurora B and MCAKB-depleted cells, we detected no significant change in
colocalize on mitotic centromeres before establishmenttotal cellular MCAK (Figure 7B; also see Supplemental
of bipolar attachment, but become spatially separatedFigure S2). However, after Aurora B depletion, MCAK
when centromeres are under tension at metaphase. Thewas no longer concentrated at the inner centromere/
phosphorylation-site mutants concentrate at differentkinetochore, but instead was localized throughout the
locations, either within the inner centromere or at thecytoplasm and on the mitotic spindle.
inner kinetochore, and their expression in cells leadsPrevious work has shown that the loss of CENP-E and
to defects in chromosome biorientation. Disruption ofdynein from kinetochores after expression of Aurora B
Aurora B function decreases MCAK phosphorylation(KR) depends on the presence of microtubules (Murata-
and leads to a microtubule-dependent loss of MCAKHori et al., 2002). To determine if MCAK’s behavior is
from the inner centromere, increased kinetochore mi-similar, we added nocodozole to cells after transfection
crotubule density, and decreased tension across sisterwith Aurora B siRNA or Aurora B (KR) cDNA. In cells
centromeres. These data establish a direct link betweendepleted of Aurora B (Figure 3F) or expressing Aurora
Aurora B activity and MCAK function at the centromereB (KR) (data not shown), MCAK still localized to centro-
and kinetochore.meres. We conclude that MCAK’s dependence on Au-
rora B for localization is likely to be similar to other
critical kinetochore effectors. MCAK Is Phosphorylated In Vitro and In Vivo
Interfering with Aurora B function causes defects in by Aurora B
spindle morphology and chromosome alignment on the Our results demonstrate the phosphorylation of a KinI
metaphase plate (Figure 7C; Andrews et al., 2003; Car- kinesin and identify MCAK as a critical downstream ef-
mena and Earnshaw, 2003). A chromosome alignment fector of the Aurora B kinase. MCAK was phosphory-
defect was also observed after microinjection of anti- lated by Aurora B at two sites in the N terminus and one
XKCM1 antibodies into mitotic cells (Kline-Smith and in the neck region. These sites are conserved in most
Walczak, 2002). To determine if Aurora B RNAi affected KinI kinesins and represent good consensus Aurora B
microtubule stability within the mitotic spindle, we mea- phosphorylation sites. Using a phospho-specific anti-
sured the amount of tubulin polymer at kinetochores by body, we demonstrated that Ser92 is phosphorylated in
immunofluorescence. Tubulin polymer at kinetochores vivo, in an Aurora B-dependent manner. Interestingly,
we detected asymmetry in phospho-specific antibodyincreased significantly after Aurora B RNAi (Figure 7D),
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Figure 7. Disruption of Aurora B Function Delocalizes MCAK
(A) Kinase-dead Aurora B (KR) mutant expression results in loss of MCAK from centromeres. CHO cells were transfected with CFP-Aurora B
(left) or CFP-Aurora B (KR) (right). Tubulin (red), YFP-MCAK or YFP-motorless (ML) MCAK (green), and DNA (blue). In all panels, CFP-Aurora
B has been omitted for clarity. Images are maximum intensity projections of deconvolved 3D data sets.
(B) Aurora B RNAi causes MCAK delocalization from the inner centromere. Tubulin (red), DNA (blue). Top, control RNAi-treated mitotic cell.
Bottom, Aurora B RNAi-treated cells. Images are single optical sections of 3D deconvolved data sets acquired under identical conditions and
scaled identically.
(C) Spindle structure is aberrant in Aurora B RNAi cells. Aurora B-depleted cells were stained for Aurora B (not shown), tubulin (red), and DNA
(blue). Maximum-intensity volume projections were generated from 3D deconvolved data sets. Images show typical spindles for control cells
(left panel) or Aurora B RNAi cells (right panel) viewed from two different angles; the lower image is rotated about the x axis by 90.
(D) Aurora B RNAi increases density of microtubules at kinetochores. Graph shows mean   of total background-corrected fluorescence in
a 9 	 10 pixel box located adjacent to the kinetochore (N  30).
(E) Aurora B RNAi causes reduced sister centromere tension. Centromere-centromere distances in metaphase cells measured using ACA-
ACA distance (N  20 cells). Control RNAi, 1.34  0.60 m (N  496); Aurora B RNAi 0.89  0.45 m (N  270). Note that this latter value is




reactivity across sister centromeres in mitosis, sug- MCAK Phosphorylation in Biorientation
and Mitosisgesting that phosphorylation of this site could be dy-
Aurora B is required for the establishment of bipolarnamic.
orientation and may be involved in resolving syntelicPhosphorylation at Ser186 occurs in the basic neck
attachments on mitotic chromosomes (Hauf et al., 2003;region of MCAK, a domain postulated to form a weak
Tanaka et al., 2002). As disruption of MCAK functionelectrostatic interaction with the acidic C terminus of
by microinjection of anti-MCAK antibodies (Kline-Smithtubulin. The neck region may mediate diffusional motility
and Walczak, 2002) or transfection of MCAK phosphory-of MCAK on the microtubule lattice (Hunter et al., 2003;
lation site mutants into mitotic cells (Figures 5A–5D)Niederstrasser et al., 2002; Ovechkina et al., 2002).
causes similar chromosome alignment defects as in-Phosphorylation of MCAK by Aurora B might therefore
terfering with Aurora B function, it seems possible thatreduce the basic charge in this critical domain and thus
Aurora B promotes biorientation and possibly syntelicdisrupt key electrostatic interactions between MCAK
resolution through MCAK. A major unresolved questionand the carboxy-terminal tail of tubulin. Indeed, phos-
is how Aurora B, MCAK, and ICIS collaborate to pro-phorylation of MCAK by Aurora B inhibits MCAK micro-
mote correct chromosome biorientation. Incorrect (e.g.,tubule depolymerization activity in vitro, and mimicking
syntelic) attachments may be selectively destabilizedphosphorylation with point mutants inhibits depolymeri-
through MCAK’s microtubule depolymerase activity. Al-zation in vivo. Whether the four other phosphorylation
ternatively, oscillatory chromosome movements driven
sites we have identified all affect MCAK in the same
through microtubule end depolymerization may help
way is not yet clear. In our in vivo microtubule depoly-
promote correct orientation. MCAK may be only one of
merization assay (Figure 4), EEEEE-MCAK showed less many Aurora B targets involved in this process. Other
activity that any of the double or single S→E mutants. studies have shown that disruption of Aurora B by RNAi,
However, it seems likely that further biophysical and or by expression of Aurora B (KR), leads to loss of kineto-
functional analyses will reveal separable functions of chore CENP-E and cytoplasmic dynein (Murata-Hori et
the individual sites. al., 2002), and to loss of kinetochore BubR1 and Mad2
The conservation of these Ser residues in other KinI’s (Ditchfield et al., 2003). Delocalization of MCAK from
suggests a general mechanism for regulating the func- centromeres using an N-terminal dominant-negative
tion of these enzymes. Indeed, a Ser or Thr residue fragment of MCAK does not affect CENP-E localization
is often C-terminal to the K-loop in several Kif1’s, so (Walczak et al., 2002), implying Aurora B separately di-
phosphorylation may be a common mechanism for mod- rects the centromere targeting, and thus the function of
ulating K-loop function. Recently, the targeting of the MCAK and CENP-E. It therefore appears that Aurora B
chromosome-associated kinesin Kid has also been directs two separable pathways, one involving MCAK
found to depend on phosphorylation (Ohsugi et al., localization and function, and a second involving
2003), suggesting that cell cycle-dependent posttrans- CENP-E and BubR1.
lational modification may be a common mechanism for
targeting microtubule motors. Protein Phosphorylation
and Chromosome Dynamics
It is clear that the relative localization of Aurora B and
MCAK changes during prometaphase (Figure 1). Fur-MCAK Phosphorylation Determines Localization
thermore, once attached to the mitotic spindle, chromo-to Centromeres and Kinetochores
somes display dynamic oscillatory movement, indicat-Using two different approaches, we have identified dis-
ing rapid changes in microtubule dynamics (Rieder andtinct binding sites for MCAK at centromeres and kineto-
Salmon, 1994; Skibbens et al., 1993). We speculate thatchores. In fixed cells, AAAAA-MCAK often localizes to
the relative positions of Aurora B and MCAK in the innera domain near the ACA antigen even in prometaphase,
centromere and kinetochore could permit the switchingwhereas the EEEEE-MCAK often remains in the inner
of directional movement by asymmetrically altering localcentromere between ACA sites, even in metaphase cells
microtubule dynamics. Indeed, we find that Aurora B(Figure 5E), suggesting that MCAK’s phosphorylation
phosphorylates MCAK asymmetrically across meta-status governs its preference for centromeres or kineto-
phase centromeres (Figure 3G). This notion is attractivechores. Consistent with this, in living cells, we find that
when one considers the recent discovery that proteinthe FRAP recovery times of wtMCAK differ on aligned
phosphatase 1 (PP1), which antagonizes Aurora B (Hsu
and unaligned chromosomes, which may mirror the lo-
et al., 2000; Sassoon et al., 1999) and also regulates its
calization differences between prometaphase and activity (Murnion et al., 2001), is localized to the outer
metaphase observed in fixed cells (Figure 1). AAAAA- kinetochore in metaphase (Trinkle-Mulcahy et al., 2003).
MCAK recovers much more slowly than wtMCAK, sug- An additional level of control of depolymerizing activity
gesting a second binding site with different binding may be afforded by modulating the affinity of MCAK
properties. In contrast, EEEEE-MCAK always recovers for the different centromere/kinetochore binding sites
quickly, possibly reflecting this mutant’s preference for through phosphorylation. The dynamic balance of phos-
occupancy of an inner centromere binding site, as ob- phorylation of motors such as MCAK mediated by Au-
served in fixed cells (Figure 5E). Thus, the association rora B and PP1 might then regulate the dynamic move-
of MCAK with different binding sites may depend on ments of chromosomes in the mitotic spindle. Moreover,
MCAK phosphorylation. ICIS, a recently discovered it will be important to determine whether MCAK phos-
MCAK targeting factor, is likely to be the receptor for phorylation affects the dynamics of mono-oriented
chromosomes in living cells.at least one of these sites (Ohi et al., 2003).
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Figure 8. Model for the Regulation of MCAK by Aurora B in Mitosis
We propose a model for the role of Aurora B in regulating of MCAK activity during biorientation and throughout the process of chromosome
congression, adapted from a previous suggestion (Tanaka et al., 2002). First, MCAK is targeted to the centromere by Aurora B phosphorylation.
MCAK activity is inhibited by Aurora B phosphorylation, thereby increasing the probability that microtubule capture will result in stable
kinetochore-microtubule interactions. MCAK activity is likely not completely inhibited, allowing it to destabilize incorrect (e.g., syntelic)
attachments. After bipolar attachment initiates, the bioriented sister centromeres are under tension and the distance between them increases.
MCAK separation from Aurora B favors its dephosphorylation, possibly by kinetochore-targeted PP1. Dephosphorylated MCAK would lose
affinity for its inner-centromere binding site and gain affinity for its inner-kinetochore binding site concomitant with an increased catalytic
activity, causing an increase in tension across the sister centromeres and full catalytic activity in anaphase.
(Maney et al., 1998), affinity purified with immobilized bacteriallyOur finding that a phospho-mimic MCAK mutant is
expressed human MCAK (Ovechkina et al., 2002).concentrated at the inner centromere and a nonphos-
phorylatable MCAK mutant is at the kinetochore, cou-
Immunofluorescence Microscopy
pled with the observation that loss of Aurora B results For immunofluorescence, cells grown on coverslips were fixed after
in the appearance of MCAK on the spindle microtubules, washing once in 37C PBS by incubation in 3.7% formaldehyde/
PBS (pH 6.8) for 2 times 5 min at 37C. Cells were permeabilized insuggests that inner-centromeric MCAK is phosphory-
PBS-0.1%Triton X-100 for 10 min at 37C. Cells were blocked inlated and localized by its proximity to Aurora B in the
AbDil (Cramer and Desai, 1995) supplemented with 0.1% normalabsence of tension (Figure 8). At this point, MCAK activ-
donkey serum for 1 hr at room temperature. Anti-AIM1 (HsAurora
ity is inhibited, possibly to prevent reversal of the initial B) monoclonal antibody (BD Biosciences) was used at 1:200 dilution.
microtubule-kinetochore attachments. Once bipolar at- Affinity-purified sheep anti-human MCAK polyclonal antibody was
tachment is established, MCAK and Aurora B are physi- diluted to 1 g/ml. Rat anti--tubulin (Serotec) was used at a 1:500
dilution. Human CREST autoantisera (ACA; the generous gift of Pro-cally separated, MCAK phosphorylation decreases due
fessor Bill Earnshaw, University of Edinburgh) was diluted 1:10,000.to its proximity to PP1, and MCAK switches its affinity
All second antibodies (labeled with either FITC, Texas-Red, TRITC,
from centromeres to kinetochores/microtubule ends. or Cy5) were purchased from Jackson Laboratories.
Concomitantly, MCAK activity increases, allowing it to 3D data sets were acquired using a MicroMax cooled CCD camera
participate in force generation at the kinetochore. (5 MHz: Roper Scientific), on a DeltaVision Restoration Microscope
(Applied Precision, LLC, WA), built around a Nikon TE200 EclipseWhether this change in localization causes the MCAK
stand with a 100 x/1.4NA PlanApo lens, or using a CoolSnap HQmicrotubule depolymerase to switch from an error cor-
cooled CCD camera on a DeltaVision Spectris Restoration Micro-rection activity to a force generation machine can now scope built around an Olympus IX70 stand, with an a 100 x/1.4NA
be tested. lens (Applied Precision, LLC, WA). Optical sections were recorded
every 0.2 m, and 3D data sets were deconvolved using the con-
Experimental Procedures strained iterative algorithm (Swedlow et al., 1997; Wallace et al.,
2001) implemented in SoftWoRx software (Applied Precision LLC).
Materials and Cell Culture Image data were quantified using SoftWoRx software. Kinetochore
General laboratory reagents were purchased from Sigma or Merck. tubulin density was quantified in single optical sections using a
Microcystin-LR was the generous gift of Dr. C. MacKintosh (Univer- 9 	 10 pixel box positioned at the plus end of kinetochore fibers.
sity of Dundee). HeLa cells were maintained in DMEM supplemented Integrated pixel intensities were measured for over 20 individual
with 10% FBS (Sigma), 2 mM glutamate, and 10 U/ml Penicillin/ fibers in control and Aurora B RNAi cells. ACA-ACA distances were
Streptomycin at 37C, 5% CO2. Sheep anti-hamster MCAK poly- measured for clearly distinguishable metaphase centromere pairs
clonal antiserum was produced via standard immunization and lying along the pole-to-pole axis, using individual optical sections
bleeding protocols (Pocono Rabbit Farm & Laboratory Inc., Cana- from 3D data sets from a large number of control and Aurora B
RNAi cells.densis, PA) using purified baculovirus-expressed hamster MCAK
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Phospho-Specific Antibody Generation and Characterization ATP (10 mCi/ml: specific activity 
 5000 Ci/mmol), 0.2 mM cold
ATP, 1 x XBE2, 5 mM MgCl2, and 1 M Microcystin-LR, for 1 hr atPhospho (CIQKQKRRS(Phos)VNSKIPA) and dephospho (CIQKQKR
RSVNSKIPA) MCAK peptides encompassing the Ser92 phosphory- 22C, with shaking. Kinase reactions were terminated with Laemmli
sample buffer, heated to 70C for 5 min, and subjected to SDS-lation site were synthesized and purified by Dr. G. Bloomberg (Uni-
versity of Bristol, UK). Phospho-Ser92 peptides were coupled to PAGE. After electrophoresis, gels were stained with Coomassie and
destained and MCAK bands were excised. Phosphorylation siteKLH (Calbiochem, UK) using standard protocols (Field et al., 1998)
and used to immunize sheep (Diagnostics Scotland, UK). Phospho- analysis was performed (Lizcano et al., 2002), except for the use of
LysC for enzymatic digestion in order to determine MCAK phosphor-and dephospho-peptides were coupled to Affigel 10 active ester
agarose (BioRad) using iodoacetic acid N-Hydroxy-succinamide es- ylation sites more readily.
ter as described (Field et al., 1998). Serum was diluted 1:1 with
TBS/0.1% Triton X-100, filtered, and repeatedly (5	) applied to a 2D Gel Electrophoresis
dephospho-peptide column. After washing with TBS and TBS/TX- To detect modification of human MCAK in Aurora B/control RNAi-
100, antibodies were eluted with 0.2 M glycine (pH 2.6), and 0.1 M treated HeLa cells (see below for details), whole-cell extracts (Feijoo
NaCl and immediately neutralized. Fractions containing antibody et al., 2001) were prepared in the presence of phosphatase inhibi-
were pooled and dialyzed overnight against TBS. The flowthrough tors, TCA precipitated, and rehydrated in sample buffer supple-
from the dephospho-peptide column was applied to the phospho- mented with 50 mM DTT and appropriate ampholytes. Isoelectric
peptide column and then washed as above. Phospho-specific anti- focusing was performed overnight using a BioRad Protean IEF Cell
body was eluted as described above. For ELISA, serial dilutions System, employing pH 6–11 Immobiline DryStrip isoelectric focusing
(ranging from 100 M to 0.001 M; in 50 mM sodium carbonate strips (Amersham PLC). Proteins were separated in the second di-
buffer [pH 9.5]) of phospho-peptide, dephospho-peptide, or control mension on NuPAGE 4%–12% Bis-Tris IPG gels (Novex) run in
Histone H3 serine 10 peptide were coated onto 96-well plates MOPS buffer (Novex). 2D gels were blotted onto Protrans nitrocellu-
washed extensively (PBS, 0.05% Tween 20), blocked with 0.1% lose membrane (Schleicher and Schuell). ECL was used for immu-
BSA/PBS, and washed (PBS, 0.05% Tween 20), and then diluted noblot detection (Amersham, PLC).
purified antiserum (1 g/ml) was added to each well for 2 hr at room
temperature. Bound antibody was detected with diluted (1:5000) Microtubule Depolymerization Assays
anti-sheep-HRP conjugate and TMB solution (Sigma). Assay was Baculovirus-expressed 6His-hamster MCAK (Maney et al., 1998)
read at 450 nm in a plate reader. To pre-block antibody with either was phosphorylated by incubation at 22C for 90 min in 20 l of 8
the phospho-peptides or dephospho-peptide, 1 g antibody was mM K-HEPES (pH 7.7), 65 mM KCl, 40 mM sucrose, 6 mM MgCl2,
incubated with 0.5 mM peptide on ice for 1 hr prior to its addition 4 mM K-EGTA (pH 7.7), 60 mM Imidazole, 1 mM DTT, 0.2 mM ATP,
to the ELISA. The antibodies were tested by Western blotting recom- 1 M Microcystin-LR (Sigma), and 0.03% Triton X-100 in the pres-
binant MCAK that had previously been either mock phosphorylated ence of Aurora B complexes precipitated with rabbit -Aurora B Ab-
or phosphorylated by recombinant Ipl1p/Sli15p. Antibody specificity protein A-agarose beads (or rabbit IgG-protein A-agarose beads).
was similarly tested in fixed HeLa cells by preblocking antibody (10 Microtubule depolymerization was performed as described pre-
g Ab with 5 mM peptide). viously (Maney et al., 2001; Ovechkina et al., 2002). pEGFP-CgMCAK
(pYOY71) was made by subcloning of BspE1-HindIII CgMCAK cDNA
into pEGFP-C1 vector (Clontech). CgMCAK mutants were madeFluorescence Recovery after Photobleaching
Fluorescence recovery after photobleaching (FRAP) on wild-type by overlapping PCR mutagenesis using PfuTurbo DNA polymerase
(Stratagene) and sequenced. CHO cells were cultured and trans-and phosphorylation site mutant GFP-MCAK was performed on
HeLa cells 18–24 hr after transfection with GFP-wtMCAK and GFP- fected as described previously (Maney et al., 2001; Ovechkina et
al., 2002).AAAAA-MCAK and GFP-EEEEE-MCAK plasmids. All experiments
were conducted using a FRAP-enabled DeltaVision Spectris (as
above) fitted with a 10 mW 488 nm solid-state laser. The laser was Transfection and Imaging of Aurora B (KR)
focused to a diffraction-limited spot and spot bleaching performed Rat Aurora B and Aurora B (KR) were excised from GFP-Aurora B
with a single 50 ms stationary pulse at 90% laser power. The first and GFP-Aurora B (KR) (a kind gift of Yu-Li Wang) and ligated into
image was acquired approximately 50 ms after the bleach event. ECFP-N1 (Clontech). Full-length hamster MCAK was excised from
For the first second, images were acquired every 150 ms, for the pYOY71 (described above) and ligated into EYFP-C1 (Clontech).
following 2 s every 300 ms, then at 800 ms intervals in the following Motorless MCAK was excised from GFP-ML-MCAK (Maney et al.,
8 s, after which images were acquired every 1.5 s for the remainder 1998) and ligated to EYFP-C1 (Clontech). CHO cells were cotrans-
of the experiment. Recovery models were generated and half-times fected with CFP-Aurora or CFP-Aurora B (KR) in combination with
calculated using the method of Axelrod (Axelrod et al., 1976) as either YFP-MCAK or YFP-ML MCAK. The cells were cultured for 16
implemented within SoftWoRx software. Centromeres were individ- hr, fixed in 1% glutaraldehyde in PBS for 20 min, and reduced in
ually targeted for photobleaching and categorized as either aligned 5% NaBH4/PBS for 20 min. Microtubules were labeled with DM1
(congressed) or unaligned (noncongressed). (Sigma) and Texas Red-conjugated secondary antibodies.
RNAiAurora B Kinase Isolation, In Vitro Phosphorylation,
and Phosphorylation Site Identification A 21 nt siRNA (AAGAGCCUGUCACCCCAUCUG: Dharmacon Re-
search Inc., USA) corresponding to position 149 → 169 of theMitotic and interphase chromatin eluates (MCE and ICE, respec-
tively) were prepared from in vitro-assembled Xenopus (Murnion et human Aurora B (STK12) coding sequence was used for Aurora B
RNAi, depleting Aurora B protein levels by more than 75% in lessal., 2001; Swedlow, 1999) and used as a source of cell cycle-regu-
lated Aurora B kinase activity. Aurora B complex was immunoprecip- than 24 hr. Lamin A/C siRNA and a scrambled random siRNA duplex
(Dharmacon Research, Inc.) were used as controls. For RNAi, HeLaitated from MCE or ICE using an affinity-purified rabbit anti-Xaurora
B polyclonal antibody raised against a peptide (CTTPSSATAAQRVL- cells were seeded onto 13 mm coverslips and grown overnight
in medium without antibiotics. Transfection was performed usingRKEP) in the N terminus of Xenopus Aurora B conjugated to KLH
(Field et al., 1998). This antibody recognizes a single band on West- Oligofectamine (Invitrogen, Inc.) using 60 pmol siRNA per well fol-
lowing manufacturer’s protocols. Coverslips were fixed at intervalsern blots and immunoprecipitates active Aurora B-INCENP complex
from MCE and inactive Aurora B-INCENP complex from ICE (Mur- between 5 and 48 hr posttransfection and processed for immunofluo-
rescence. The siRNA duplex used significantly decreases Aurora Bnion et al., 2001; data not shown). Control immunoprecipitations
were performed in parallel using normal rabbit IgG bound to Affiprep protein levels within 10 to 24 hr in single cells (data not shown).
Previously, we have characterized the dynamic range of our micro-Protein A beads. Bacterially expressed and purified Ipl1p-GST and
Sli15p-GST were the generous gifts of N. Rachidi, University of scope system and shown that we can accurately measure relative
intensities over2.5 orders of magnitude with a coefficient of varia-Dundee. For in vitro phosphorylation studies, 2–4 l Aurora B kinase
beads were incubated with 0.2 g recombinant hamster MCAK (Ma- tion of6%–9% (Swedlow et al., 2002). We have used this capability
to accurately measure the depletion of Aurora B, as detected byney et al., 2001), in a 20 l reaction buffer containing 2 l [-32P]
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immunofluorescence and score phenotypes in single cells with Au- R., Heckel, A., Van Meel, J., Rieder, C.L., and Peters, J.M. (2003). The
small molecule Hesperadin reveals a role for Aurora B in correctingrora B levels 1% of control cells. The mean depletion of Aurora B
assayed by quantifying fluorescence in single cells was 76.9  kinetochore-microtubule attachment and in maintaining the spindle
assembly checkpoint. J. Cell Biol. 161, 281–294.19.6% (N 15; also see Supplemental Figure S2), which was similar
to the value obtained from immunoblots of whole-cell lysates, sug- He, X., Rines, D.R., Espelin, C.W., and Sorger, P.K. (2001). Molecular
gesting that immunofluorescence, at least in this case, can be used analysis of kinetochore-microtubule attachment in budding yeast.
to quantify Aurora B levels in fixed cells. Images for Aurora B RNAi Cell 106, 195–206.
and control RNAi cells were acquired and processed under identical
Homma, N., Takei, Y., Tanaka, Y., Nakata, T., Terada, S., Kikkawa,
conditions. For analysis of protein levels on 2D gels, the RNAi treat-
M., Noda, Y., and Hirokawa, N. (2003). Kinesin superfamily protein
ment was scaled up using 900 pmol siRNA duplexes.
2A (KIF2A) functions in suppression of collateral branch extension.
Cell 114, 229–239.
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